The authors test a neurocomputational model of dopamine function in cognition by administering to healthy participants low doses of D 2 agents cabergoline and haloperidol. The model suggests that DA dynamically modulates the balance of Go and No-Go basal ganglia pathways during cognitive learning and performance. Cabergoline impaired, while haloperidol enhanced, Go learning from positive reinforcement, consistent with presynaptic drug effects. Cabergoline also caused an overall bias toward Go responding, consistent with postsynaptic action. These same effects extended to working memory and attentional domains, supporting the idea that the basal ganglia/dopamine system modulates the updating of prefrontal representations. Drug effects interacted with baseline working memory span in all tasks. Taken together, the results support a unified account of the role of dopamine in modulating cognitive processes that depend on the basal ganglia.
The basal ganglia (BG) participate in various aspects of cognition and behavior by interacting with and modulating multiple areas of frontal cortex (Alexander, DeLong, & Strick, 1986) . Similarly, the neurotransmitter dopamine (DA) plays a modulatory role in cognition through extensive diffuse projections from midbrain DA nuclei to the BG and frontal cortical areas (Fallon & Moore, 1978; Gerfen, 1992; Joel & Weiner, 2000) . Several neurological conditions implicate DA dysfunction, including Parkinson's disease, attention deficit/hyperactivity disorder (ADHD), and schizophrenia (Abi-Dargham et al., 2000; Dougherty et al., 1999; Ilgin et al., 2001; Kish, Shannak, & Hornykiewicz, 1988; McGowan, Lawrence, Sales, Quested, & Graby, 2004; Nieoullon, 2002; Seeman, 1987; Weiner & Joel, 2002; Weinberger, 1987) . Notably, the cognitive deficits observed in all of these conditions are qualitatively similar to those observed in patients with damage to prefrontal cortex (PFC; Barch et al., 2001; Brown & Marsden, 1990; Cools, Barker, Sahakian, & Robbins, 2001; Perlstein, Dixit, Carter, Noll, & Cohen, 2003; Willcutt et al., 2005) . Consequently, the overwhelming tendency in the literature is to attribute patient cognitive deficits to dopaminergic dysfunction within PFC. This is a potentially valid attribution, given that selective disruption to prefrontal DA in monkeys gives rise to cognitive deficits that are similar to those observed under full excitotoxic PFC lesions (Sawaguchi & Goldman-Rakic, 1991; Williams & GoldmanRakic, 1995) . However, there is growing evidence in both animals and humans that DA dysfunction within the BG alone can lead to frontal-like cognitive deficits (Collins, Wilkinson, Everitt, Robbins, & Roberts, 2000; Crofts et al., 2001; Frank, 2005 ; J. O. Rinne et al., 2000) .
Psychopharmacological studies that transiently manipulate the DA system in healthy individuals can potentially inform the cause of DA-related cognitive deficits. In particular, drugs that target the D 2 receptor, which is predominantly expressed in BG relative to PFC (Camps, Cortes, Gueye, Probst, & Palacios, 1989) , can help determine the specific contributions of the BG. As such, D 2 agents in humans have been shown to modulate striatal, but not prefrontal, blood flow (Honey et al., 2003; Mehta et al., 2003 ; see below for similar selectivity in animal studies). Previous studies with D 2 agonists/antagonists in healthy participants have yielded mixed results, with findings of both cognitive enhancement and impairment associated with different doses, task conditions, and populations (Kimberg, D'Esposito, & Farah, 1997; Luciana, Hanson, & Whitley, 2004; Mehta, Manes, Magnolfi, Sahakian, & Robbins, 2004; Mehta, Sahakian, McKenna, & Robbins, 1999; Mehta, Swainson, Ogilvie, Sahakian, & Robbins, 2001; Muller, von Cramon, & Pollman, 1998; Peretti et al., 1997; Roesch-Ely et al., 2005) . For example, Kimberg et al. (1997) and Gibbs and D'Esposito (2005) found that in tests of executive function, bromocriptine (a D 2 agonist) enhanced performance in participants with low working memory span but impaired performance in those with high span (see also Mattay et al., 2000) . This provocative result suggests that differences in working memory span are partially characterized by differences in baseline DA levels. However, the use of a D 2 agonist raises the question of whether these effects could be more indicative of DA processes within the BG rather than (or in addition to) PFC.
The present research attempts to clarify many of these complex issues, through the use of behavioral studies on a range of cognitive tasks in healthy participants administered two different D 2 agents with opposing effects (cabergoline, a D 2 agonist, and haloperidol, a D 2 antagonist). Cabergoline was chosen over bromocriptine because it has 7 times greater affinity for the D 2 receptor while still having low D 1 affinity (Ichikawa & Kojima, 2001) , and has fewer negative side effects (Biller et al., 1996; Colao, Lombardi, & Annunziato, 2000; Corsello et al., 2003; Stocchi et al., 2003; Webster, 1994) . Similarly, haloperidol has superior in vivo D 2 binding when compared with other agents (Kapur et al., 1996; Seeman & Kapur, 2000) and has 25 times greater affinity for D 2 over D 1 (Bymaster et al., 1999) . For additional drug and dose considerations, see supplementary materials posted on the Web at http://dx.doi.org/10.1037/ 0735-7044.120.3.497.supp Our studies were designed to test specific predictions from existing biologically based computational models of DA modulation within the BG and the BG's modulatory role on frontal cortical function (Frank, 2005; Frank & Claus, in press; Frank, Loughry, & O'Reilly, 2001; O'Reilly & Frank, 2006) . As described in the next section, the model makes predictions about D 2 drug effects on learning from positive and negative reinforcement in procedural learning tasks and on working memory updating in standard working memory tasks. These predictions were confirmed in our behavioral studies. Moreover, we found that the extent to which drug effects were observed depended on baseline working memory span, providing further support that individual differences in working memory ability may be determined in part by differences in the dopaminergic system, and specifically the D 2 receptor system. Overall, these results provide support for a unified model of BG/DA function that holds across multiple cognitive processes, suggesting that the BG may play a more important role in cognitive function than is generally appreciated.
A Mechanistic Account of Basal Ganglia Dopamine Function in Cognition
An explicit, mechanistic framework for understanding the roles of the BG and DA in cognition has been developed through a series of neurocomputational models reported elsewhere (Frank, 2005, in press; Frank & Claus, in press; Frank et al., 2001; O'Reilly & Frank, 2006) . These models build on other computational and theoretical work regarding the role of the BG in motor control (Beiser & Houk, 1998; Brown, Bullock, & Grossberg, 2004; Gurney, Prescott, & Redgrave, 2001; Mink, 1996; Redgrave, Prescott, & Gurney, 1999b) , where many of the same neurobiological principles have been implemented in our models to explore their role in cognitive function. These models suggest that (a) the BG play a largely modulatory role in cognition and action, meaning that they do not directly implement any cognitive process but rather modulate function in cortical regions that do so; (b) DA dynamically modulates this already modulatory BG system; and (c) this DA modulation affects both the learning of new behaviors and the performance of already-learned behaviors. Furthermore, by virtue of interactions with different areas of frontal cortex (Alexander et al., 1986) , the models show how the BG can participate in a wide range of cognitive functions, from relatively low-level tasks such as procedural/reinforcement learning (Frank, 2005; in press ) to higher level tasks such as working memory (Frank et al., 2001; O'Reilly & Frank, 2006) and decision making (Frank & Claus, in press ).
Action Selection
At the most general level, various models suggest that the BG modulate the selection of one of several action plans represented in frontal cortex (Brown et al., 2004; Frank, 2005; Frank et al., 2001; Gurney et al., 2001; Redgrave et al., 1999b) . This action-selection framework leverages existing knowledge of BG involvement in motor control, in which the BG are thought to selectively facilitate a preferred motor command in premotor cortex while suppressing competing motor programs (Basso & Wurtz, 2002; Hikosaka, 1994; Jiang, Stein, & McHaffie, 2003; Mink, 1996) . More specifically, two main projection pathways from the striatum go through different BG nuclei on the way to thalamus and up to cortex (see Figure 1) . Activity in the direct pathway sends a Go signal to facilitate the execution of a response considered in cortex, whereas activity in the indirect pathway sends a No-Go signal to suppress competing responses. Further, by virtue of its diffuse projections to BG output nuclei (Parent & Hazrati, 1995) , the subthalamic nucleus may exert a global No-Go signal on the execution of all responses (Brown et al., 2004; Frank, in press ), which can dynamically modulate the threshold for executing responses depending on the degree of response conflict present (Frank, in press ). This model also showed that BG network dynamics during response selection are consistent with available physiological data in both intact and Parkinson states.
Learning
To investigate the roles of the BG/DA system in learning, the models also simulate transient changes in DA levels that occur during positive and negative reinforcement and their differential effects on the two BG pathways (Brown et al., 2004; Frank, 2005; Frank & Claus, in press; O'Reilly & Frank, 2006) . In animals, phasic bursts of DA cell firing and release are observed during positive reinforcement-these are thought to act as teaching signals that lead to the learning of rewarding behaviors (Bayer & Glimcher, 2005; Roitman, Philips, Stuber, Wightman, & Careli, 2004; Schultz, 2002; Schultz, Dayan, & Montague, 1997; Wickens, 1997) . Conversely, choices that do not lead to reward are associated with DA dips (pauses in DA firing) that drop below baseline (e.g., Schultz, 2002; Satoh, Nakai, Sato, & Kimura, 2003) . Similar DA-dependent processes have been inferred to occur in humans during positive and negative reinforcement (Delgado, Nystrom, & Fiez, 2000; Frank, Woroch, & Curran, 2005; Holroyd & Coles, 2002; Zald et al., 2004) . Notably, DA is excitatory on synaptically driven Go activity via D 1 receptors predominantly expressed in the direct pathway, 1 whereas it is inhibitory on No-Go activity via D 2 receptors predominantly expressed in the indirect pathway (Aubert, Ghorayeb, Normand, & Bloch, 2000; Brown et al., 2004; Gerfen, 1992; Hernandez-Lopez, Bargas, Surmeier, Reyes, & Galarraga, 1997; Hernandez-Lopez et al., 2000; Joel & Weiner, 1999) . In our models, positive reinforcement leads to increases in DA that enhance neural activity and synaptic plasticity via D 1 receptors in the Go pathway while decreasing activity and plasticity via D 2 receptors in the No-Go pathway; this functionality is supported by various lines of neurobiological evidence (Centonze, Picconi, Gubellini, Bernardi, & Calabresi, 2001; Frank, 2005; Mahon, Casassus, Mulle, & Charpier, 2003; Mark, Soghomonian, & Yamamoto, 2004; Nishi, Snyder, & Greengard, 1997; Radnikow & Misgeld, 1998) . The net result is that increases in DA support Go learning to reinforce the good choice, whereas dips in DA have the opposite effect, supporting No-Go learning to avoid the bad choice (Brown et al., 2004; Frank, 2005; Joel & Weiner, 1999; O'Reilly & Frank, 2006) .
2 That is, low levels of DA during dips should release No-Go cells from their tonic D 2 inhibition, allowing them to become more excited than their Go counterparts, driving learning in the opposite direction to DA bursts. Supporting this notion, D 2 receptor blockade (simulating a lack of D 2 stimulation during dips) is associated with enhanced No-Go (indirect pathway) activity and associated increases in corticostriatal longterm potentiation (Calabresi et al., 1997; Centonze et al., 2004; Finch, 1999; Robertson, Vincent, & Fibiger, 1992) , whereas D 2 stimulation inhibits No-Go activity (Black, Gado, & Perlmutter, 1997) and decreases synaptic strength (Calabresi et al., 1997) .
Moreover, we recently demonstrated strong support for a central prediction of the Frank (2005) model showing crossover interaction effects of DA medication on cognitive reinforcement learning 1 A more accurate depiction is that DA may increase the signal-to-noise ratio via D 1 receptors in the direct pathway (Frank, 2005) . That is, D 1 stimulation effects on striatal excitability depend on the membrane potential of the target cell, such that DA excites neurons with high membrane potentials (in the "up-state") while inhibiting those with low potentials (in the "down-state"; Hernandez-Lopez et al., 1997). As reviewed in Frank (2005) , up-states are triggered by synaptically driven activity from cortex, and it is this activity that is further excited by DA. In contrast, down-state activity may represent biological noise or background signals that get suppressed by DA stimulation.
2 Some have suggested that DA dips may not be functionally effective, as a result of already low baseline firing rates of DA cells, and that other neurotransmitters such as serotonin may be required for negative reinforcement learning (Bayer & Glimcher, 2005; Daw, Kakade, & Dayan, 2002 ). Whereas we do not discount a potential role for other neurotransmitters, we argue that the smaller range of DA dips (compared with bursts) is likely compensated for by the far greater sensitivity of D 2 (compared with D 1 ) receptors to low DA levels (Creese, Sibley, Hamblin, & Leff, 1983; Goto & Grace, 2005; Grace, 2001; Schultz, 1998) . Thus, smaller DA dips would be sufficient to support No-Go learning via D 2 receptors, whereas larger phasic bursts would be needed to support Go learning via D 1 receptors. Given that DA decays from the striatal extracellular synapse with a half-life of 75 ms (Gonon, 1997) , the critical information in DA dips for driving learning may be in the duration rather than in the magnitude of DA dips. Indeed, recent studies show that larger negative prediction errors are mirrored by longer duration pauses in DA firing, lasting up to 400 ms (Bayer, 2004) . Frank (2005, in press ) neural network model of this circuit (squares represent units, with height reflecting neural activity). The premotor cortex selects an output response via direct projections from the sensory input, and is modulated by the basal ganglia projections from the thalamus. Go units are in the left half of the striatum layer; No-Go units are in the right half of this region, with separate columns denoted for each of the four responses (R1 through R4). In the case shown, striatum Go is stronger than No-Go for R1, inhibiting GPi, disinhibiting thalamus, and facilitating R1 execution in cortex. A tonic level of dopamine is shown in SNc; a burst or dip ensues in a subsequent error feedback phase (not shown), driving Go/No-Go learning. The STN exerts a dynamic 'global No-Go' function on the execution of all responses, complementing the response-specific striatal No-Go cells (Frank, in press). in Parkinson patients (Frank, Seeberger, & O'Reilly, 2004) . In a probabilistic learning task, all patients learned to make choices that were more likely to result in positive rather than negative reinforcement. The difference was that patients taking their regular dose of DA medication (L-dopa and DA agonists) implicitly learned more about the positive outcomes of their decisions (i.e., they were better at Go learning than No-Go learning), whereas those who had abstained from taking medication implicitly learned to avoid negative outcomes (better No-Go learning). Age-matched controls did not differ in their tendency to learn more from the positive/negative outcomes of their decisions. According to the model, low levels of available DA in Parkinson's disease made patients relatively insensitive to positive outcomes but allowed them to learn a No-Go response, to avoid choices leading to negative outcomes.
3 DA medication reversed this bias and enhanced Go learning while concurrently impairing No-Go learning. The Go learning improvement can be explained by the increase in spike-dependent DA firing and release by L-dopa medication (Harden & Grace, 1995; Pothos, Davila, & Sulzer, 1998) and is consistent with beneficial medication effects on other tasks thought to depend on phasic DA bursts, such as cognitive sequence learning (Shohamy, Myers, Grossman, Sage, & Gluck, 2005) . No-Go learning deficits under DA medication are similarly predicted by the model, as DA medications (especially D 2 agonists) would tonically stimulate D 2 receptors and could effectively block the effects of DA dips needed to learn No-Go (Frank, 2005) . This same effect was simulated in the model to explicitly account for selective reversal (i.e., No-Go) learning deficits in Parkinson's disease patients taking DA medication (Cools et al., 2001; Swainson et al., 2000) and can explain various other learning impairments in both humans and animals taking DA/D 2 medications, many of them directly related to No-Go learning situations (Bokura, Yamaguchi, & Kobayashi, 2005; Charbonneau, Riopelle, & Beninger, 1996; Cools, 2005; Cools, Barker, Sahakian, & Robbins, 2003; Czernecki et al., 2002; Goto & Grace, 2005; Mehta et al., 2001; Ridley, Haystead, & Baker, 1981; Shohamy, Myers, Geghman, Sage, & Gluck, in press; A. G. Smith et al., 1999) . Cools, Lewis, Clark, Barker, and Robbins (2005) specifically showed that DA medication abolishes the normal ventral striatal No-Go activity observed when learning to suppress previously learned responses.
Working Memory Updating
In addition to these lower level reinforcement learning effects, we have shown that in parallel BG circuits, these same Go/No-Go mechanisms can also drive the updating of working memory representations in PFC (Frank et al., 2001; Frank, 2005; O'Reilly & Frank, 2006 ; for related ideas see Beiser & Houk, 1998; Bilder, Volavka, Lachman, & Grace, 2004; Cools, 2005) . Specifically, BG Go signals cause PFC to update and maintain current sensory information, whereas No-Go signals prevent updating, enabling robust ongoing maintenance of previously stored information. This function of the BG is consistent with striatal activation observed during working memory tasks (S. J. Lewis, Dove, Robbins, Barker, & Owen, 2004) and with working memory/executive function deficits observed in various patient populations with a BG locus, such as Parkinson's disease and ADHD Brown & Marsden, 1990; Cools et al., 2001; Owen, Doyon, Dagher, Sadikot, & Evans, 1998; Perlstein et al., 2003; Willcutt et al., 2005) . Cools (2005) reviewed evidence that working memory deficits in Parkinson's disease are specific to the updating and manipulation of information (depending on the BG in our model), with relatively intact maintenance (subserved by their intact PFC). Further, Cools et al. (2001) showed that in Parkinson's disease patients, L-dopa administration improves task switching, which depends on updating of PFC representations and which would be facilitated by DA bursts and Go signals within the BG. This account can potentially explain the effects of D 2 receptor agonists on working memory tasks (Kimberg et al., 1997; Mehta et al., 2003) . Next, we outline the specific mechanisms by which we hypothesize these drugs to modulate cognitive function before describing the tasks designed to more specifically test these ideas.
Model Predictions for D 2 Drugs: Pre-and Postsynaptic Effects
To make predictions about how D 2 drugs will affect performance in our model, we must take into account the two different isoforms of the receptor (D 2 -S and D 2 -L), expressed in pre-and postsynaptic neurons, respectively (Uziello et al., 2000) . Whereas tonic DA signaling is affected by postsynaptic stimulation/blockade, phasic (transient) release of DA during dopaminergic cell bursting is modulated by presynaptic drug action (Grace, 1991) . Although cognitive effects of D 2 agents are often interpreted in terms of postsynaptic effects (e.g., agonists are thought to mimic the effects of DA, whereas antagonists block these effects), evidence from the animal literature suggests that low doses of these agents actually exert their effects primarily via presynaptic mechanisms (Richfield, Penney, & Young, 1989; Schoemaker et al., 1997) . Specifically, presynaptic D 2 autoreceptors tightly control the level of phasic DA release via inhibitory feedback (Grace, 1995; Schmitz, Benoit-Marand, Gonon, & Sulzer, 2003; Starke, Gothert, & Kilbinger, 1989) . Thus, D 2 agonists (e.g., cabergoline) stimulate autoreceptors and diminish the amount of phasic DA release, whereas typical D 2 antagonists (haloperidol) actually increase DA bursting and release in the BG (but not PFC; Chen, Choi, Andersen, Rosen, & Jenkins, 2005; Garris et al., 2003; Kuroki, Meltzer, & Ichikawa, 1999; Moghaddam & Bunney, 1990; Pehek, 1999; Westerink, 2002; Wu et al., 2002; see Figure 2 ). In other words, the effects of D 2 agents on phasic DA release is exactly opposite to the pervasive assumptions of these effects in cognitive studies; this is critical for our predictions for drug effects on reinforcement learning processes, which depend on phasic DA bursts and dips during positive and negative feedback.
Nevertheless, to the extent that the drugs act on postsynaptic receptors, they should modulate overall (tonic) behavioral biases on Go/No-Go responding. As noted above, postsynaptic D 2 receptors are predominantly expressed in the indirect/No-Go pathway (Gerfen, 1992) , which acts to suppress the execution of cortical actions. Because DA is inhibitory to D 2 receptors in the BG (Hernandez-Lopez et al., 2000) , D 2 agonists mimic this effect and inhibit No-Go neurons in the indirect pathway (Black et al., 1997) and should thereby have a net facilitatory effect on the execution of cortical actions. In other words, they should lower the threshold for facilitating responses and speed up reaction times. In contrast, D 2 antagonists should have the opposite effect, disinhibiting the No-Go/indirect pathway, raising the response threshold, and slowing reaction times. This is consistent with the general tendency for DA and its agonists to increase locomotive behavior, whereas chronic DA blockade leads to catalepsy and Parkinsonism (Fog, 1972) .
Thus, taking both pre-and postsynaptic mechanisms into account (see Table 1 ), cabergoline should result in more overall Go responding (via postsynaptic stimulation) but less learning of the positive consequences of a given response (via presynaptic reduction of phasic DA release). In contrast, haloperidol should theoretically enhance No-Go signals (raising the threshold for action and therefore less Go responding) but also enhance DA bursting (thereby enhancing learning of positive outcomes of responses). However, due to constraints on safety and risk management, we chose a low dose of haloperidol (2 mg) that is unlikely to have significant postsynaptic effects: Although having high affinity for presynaptic autoreceptors, haloperidol only activates postsynaptic receptors at higher doses and/or chronic administration (Schoemaker et al., 1997) , at which point catalepsy and Parkinsonism is induced by postsynaptic D 2 blockade (Sanberg, 1980) . 4 Indeed, unlike patients taking higher doses of the drug (Kumari et al.,1997) , participants in our study and other low-dose D 2 antagonist studies did not have Parkinson-like slowness of reaction times (Mehta et al., 1999 (Mehta et al., , 2004 Peretti et al., 1997) . Thus, we predict that the haloperidol effects will hinge on presynaptically mediated enhancement of DA bursting, supporting increased Go learning.
Because of these contrasting drug effects on pre-and postsynaptic D 2 receptors, our framework also provides an interesting interpretation of opposite cognitive drug effects that have been found in participants with low and high working memory span (e.g., Gibbs & D'Esposito, 2005; Kimberg et al., 1997) . Specifically, as was proposed by Kimberg et al. (1997) , low-and highspan participants may differ in their underlying dopaminergic systems and therefore may respond differentially to the drugs. Indeed, in our study we found that low-span participants consistently showed greater overall drug effects than high-span participants for both drugs, across motor, learning, working memory, and low-level biological marker data. We propose that these differences may depend on the extent to which drugs act on pre-versus postsynaptic D 2 receptors. When both the overall drug effects and these working memory span effects are taken into account, we expect a range of pre-and postsynaptic effects across groups, as discussed below and motivated by observed biological drug effects (see Figure 3 ).
Empirical Tests of Unified BG/DA Model

General Method
We tested 28 healthy participants (15 women, 13 men) between the ages of 18 and 35 years (M ϭ 21, SEM ϭ 0.75). We conducted three behavioral experiments to test the predictions from our model: probabilistic selection (two alternative forced-choice), probabilistic Go/No-Go learning and reversal, and modified versions of the widely used AX continuous performance task (AX-CPT) of working memory, including attentional-shifting and reversal conditions. The probabilistic selection task was used in previous work to test our model predictions with respect to individual differences in learning from positive versus negative reinforcement in both Parkinson patients (Frank et al., 2004) and electrophysiological correlates in healthy participants . The probabilistic Go/No-Go paradigm allows more direct assessment of the Go/No-Go processes that we ascribe to the BG. The AX-CPT working memory task (Barch et al., 1997; Barch et al., 2001; Servan-Schreiber, Cohen, & Steingard, 1997) supports the analysis of multiple components of executive function and is critical for determining whether the same Go/No-Go processes at work in the simpler procedural learning tasks also apply to working memory updating and attentional effects, as predicted by our model. We describe each of these tasks below; additional procedural details are included in the supplemental materials document posted on the Web at http://dx.doi.org/10.1037/0735-7044.120.3.497.supp.
We also measured participant's working memory span using the standard reading span task (Daneman & Carpenter, 1980) to determine whether DA drug effects interacted with baseline working memory span as in previous studies (Gibbs & D'Esposito, 2005; Kimberg et al., 1997) . Participants were categorized as low or high span according to a median-split on this measure. Each participant was tested on all tasks in three different drug conditions (with the order counterbalanced): (a) cabergoline (D 2 agonist), 1.25 mg, (b) haloperidol (D 2 antagonist), 2 mg, and (c) a placebo. We measured serum prolactin levels to determine the degree to which the DA drugs had biologically measurable effects. We begin with the prolactin results, as they constrain our interpretation of the subsequent behavioral results, described thereafter. As summarized earlier, we found that the D 2 Figure 2 . (a) Haloperidol (Hal) administration vastly increases spikedependent DA release in the striatum upon external DA cell stimulation, an effect that is most significant at stimulation frequencies that are characteristic of bursting, as is observed during delivery of unexpected reward. drug effects as measured by prolactin (and corroborated by consistent patterns of behavioral data across all tasks) were stronger for cabergoline than for haloperidol and stronger in low working memory span participants than in those with high span working memory.
Serum prolactin levels provide an indirect measure of D 2 agent effects, because D 2 receptor stimulation inhibits the secretion of this hormone in the pituitary (Ben-Jonathan, 1985) . Prolactin levels were obtained before drug ingestion and 4 hr later, after cognitive tests. There was a main effect of drug on prolactin levels, F(2, 25) ϭ 21.7, p Ͻ .0001, such that both drugs effectively modulated prolactin secretion in opposite directions. Although placebo was associated with diminished prolactin levels over this 4-hr period (prolactin levels normally decrease during the day), cabergoline significantly decreased prolactin secretion beyond that observed under placebo, F(1, 25) ϭ 40.6, p Ͻ .0001. In contrast, haloperidol resulted in increased prolactin levels, which was significant relative to placebo, F(1, 25) ϭ 7.9, p ϭ .0096. For cabergoline, both low-span, F(1, 25) ϭ 26.3, p Ͻ .0001 and high-span, F(1, 25) ϭ 15.3, p ϭ .0006 participants showed significant drug effects relative to placebo. Nevertheless, this effect was numerically larger in low-span participants. This is further corroborated by a marginal negative correlation between prolactin levels under cabergoline and the number of errors made in the working memory span test (r ϭ Ϫ0.38, p ϭ .08). Span effects were even more apparent under haloperidol: Only the low-span participants showed significant drug effects relative to placebo, F(1, 25) ϭ 10.6, p ϭ .0032, whereas high-span participants did not, F(1, 25) ϭ 0.53. Notably, the mechanism by which haloperidol increases prolactin levels has been shown to operate via short-isoform D 2 receptors (Nilsson, Ekman, Hellstrand, & Eriksson, 1996) , which is the same isoform that is seen in presynaptic autoreceptors in the BG (Uziello et al., 2000) . Thus the degree to which haloperidol increases prolactin can be taken as an indirect measure of the degree to which it increases DA levels via presynaptic mechanisms.
On the basis of these results and their theoretical correspondence to the effects on pre-and postsynaptic D 2 receptors (shown on the right of Figure  3 ), we included working memory span as a variable in all the behavioral analyses described below, including those tasks not involving working memory per se. We expect model predictions to hold in general across all participants, but additional effects of baseline working memory span can lead to differential behavior in particular conditions. Specifically, low-span participants under haloperidol should show the greatest evidence for enhanced DA bursts, whereas high-span participants-who were not affected by haloperidol in terms of prolactin-may not show any statistically significant effects on cognitive measures. Under cabergoline, high-span participants should show selective evidence for reduction of DA bursts on account of predominate activation of sensitive presynaptic D 2 receptors. Low span participants under cabergoline, who exhibited increased drug efficacy on prolactin, may also have tonic postsynaptic D 2 stimulation, in addition to presynaptic effects. According to the model, this would cause an overall Go response bias (e.g., a lowered response threshold and more overall working memory updating) and could counteract presynaptic effects. These predictions from our modeling framework are consistent with the results reported below across a range of measures.
Cognitive Task I. Probabilistic Selection, Two-Alternative
Forced-Choice Procedure In the Probabilistic Selection task (Frank et al., 2004 , three different stimulus pairs (AB, CD, EF) are presented in random order, and participants must learn to choose one of the two stimuli (see Figure 4) . Figure 3 . Absolute values of drug effects on serum levels of the hormone prolactin (in actuality cabergoline [Cab] reduced prolactin levels). Drug effects on prolactin depended on baseline working memory span, consistent with putative differences in dopaminergic function across span groups. Haloperidol (Hal) significantly increased prolactin levels only in low-span participants. Cabergoline decreased prolactin levels in both span groups, but to a greater extent in low-span participants. These biological results lead to differential predictions regarding pre-and postsynaptic drug effects on cognition in the two span groups. Because presynaptic D 2 receptors are more sensitive than postsynaptic receptors, we hypothesized that haloperidol would exert only presynaptic effects and only in low-span participants. Cabergoline was expected to exert presynaptic effects in both span groups, with additional postsynaptic effects only in low-span participants. Diff ϭ difference. Note. Postsynaptic D 2 receptors are predominantly on the No-Go (indirect pathway neurons), where they are inhibitory. Presynaptic autoreceptors affect dopamine (DA) phasic bursts via inhibitory feedback, such that stimulation of these receptors reduces DA bursting. RT ϭ reaction time; pos fdbk ϭ learning from positive feedback (which activates the Go pathway via DA bursts). Excessive working memory (WM) updating caused by excessive basal ganglia Go signals can lead to increased distractibility, whereas suppressed updating can lead to lack of encoding of information (forgetfulness). Note that the D 2 receptor types have differential sensitivity, with presynaptic receptors more sensitive to acute drug doses than postsynaptic ones. As explained in the text, we did not expect significant haloperidol postsynaptic effects (see also Figure 3 ).
Feedback follows the choice to indicate whether it was correct or incorrect, but this feedback is probabilistic. In AB trials, a choice of stimulus A leads to correct (positive) feedback in 80% of AB trials, whereas a B choice leads to incorrect (negative) feedback in these trials (and vice versa for the remaining 20% of trials). CD and EF pairs are less reliable: Stimulus C is correct in 70% of CD trials, whereas stimulus E is correct in 60% of EF trials. Over the course of training, participants learn to choose stimuli A, C, and E more often than B, D, or F. Note that learning to choose A over B could be accomplished either by learning that A leads to positive feedback or that B leads to negative feedback (or both). To evaluate whether participants learned more about positive or negative outcomes of their decisions, we subsequently tested them with novel combinations of stimulus pairs involving either an A (AC, AD, AE, AF) or a B (BC, BD, BE, BF); no feedback was provided. If participants learned more from positive feedback, they should reliably choose stimulus A in all novel test pairs in which it is present. On the other hand, if they learned more from negative feedback, they should more reliably avoid stimulus B.
We hypothesized that when taking haloperidol, participants would learn more about Go and less about No-Go responses, because of the enhancement of phasic DA bursts (via presynaptic D 2 receptor blockade) during positive feedback. In contrast, we predicted that cabergoline would yield the opposite effect, impairing Go learning from positive feedback as a result of reduced DA bursts. These effects should be particularly evident in low-span participants under haloperidol and high-span participants under cabergoline. Finally, postsynaptic effects of cabergoline in low-span participants should be associated with an overall Go response bias, which should translate into speeded (decreased) reaction times.
Results and Discussion
Both drugs displayed the predicted effects on the novel test pair generalizations (Figure 4b ). We filtered out participants who did not perform above 50% on the most trivial training pair (AB) during the test; their test results are meaningless if they could not reliably choose A and avoid B in this pair (Frank et al., 2004 . There was a crossover interaction between the effects of cabergoline and haloperidol on positive/negative feedback learning, F(1, 24) ϭ 22.7, p Ͻ .0001. Specifically, compared with placebo, haloperidol ingestion was associated with an increased tendency to choose the most positive stimulus (i.e., A) and a decreased tendency to avoid the most negative stimulus (B) in the novel test pairs, F(1, 24) ϭ 14.0, p ϭ .001. Cabergoline had the opposite effect, making participants better at avoiding B than choosing A, F(1, 24) ϭ 7.0, p ϭ .014. These differences in Go/No-Go learning under cabergoline and haloperidol are strikingly similar to the pattern observed in PD patients on and off medication in the same task (Frank et al., 2004; Figure 4c) , and support the notion that (a) under cabergoline, decreased DA release during positive feedback impaired Go learning for good choices and (b) under haloperidol, increased DA release during positive feedback enhanced Go learning for good choices. Finally, these differences in learning biases on the drugs were found despite no overall learning bias in this task (main effect of positive/ negative test condition), F(1, 24) ϭ 1.1, ns, and no main effect of , which minimize explicit verbal encoding. Each pair is presented separately in different trials, with participants pressing a key to select the stimulus on the left or another key to select the stimulus on the right. Three different pairs are presented in random order; correct choices are determined probabilistically. Note that in actuality the position of the correct stimulus was randomized across trials, and the assignment of Hiragana characters to hierarchical element was randomized across participants. Different Hiragana characters were used in each session, so these were always novel. (b) Results from healthy participants taking cabergoline (Caberg) and haloperidol (Haldol; present study). There was a crossover interaction between medication condition and tendency to learn from positive versus negative feedback. Participants on placebo learned equally as much about the positive consequences of choosing Stimulus A and the negative consequences of choosing Stimulus B. Haloperidol enhanced positive feedback learning overall, causing a corresponding decrease in avoidance of Stimulus B, which was associated with positive feedback on a minority of trials. Cabergoline impaired positive feedback learning. See Figure 9c drug on overall accuracy during test, F(2, 24) ϭ 0.4. Similarly, there was no effect of drug on overall accuracy during training, F(2, 24) ϭ 1.5, ns, or on the number of training trials required to reach criterion before advancing to test, F(2, 24) ϭ 1.6, ns.
Notably, the extent to which the drugs modulated learning biases depended on the participant's baseline working memory span, F(2, 24) ϭ 4.5, p ϭ .02 (Figure 9c, presented later) , consistent with the effects depicted in Figure 3 . In particular, haloperidol significantly enhanced learning from positive relative to negative reinforcement in low-span participants, F(1, 24) ϭ 16.6, p ϭ .0004, whereas this effect was absent in high-span participants, F(1, 24) ϭ 0.53. The opposite effect of cabergoline in impairing positive feedback learning was significant in high-span participants, F(1, 24) ϭ 13.9, p ϭ .001 but not in low-span participants, F(1, 24) ϭ 0.1. These span-dependent drug effects were found despite the absence of a main effect of working memory span, F(1, 24) ϭ 2.1, ns, and the lack of an interaction between span and positive/negative test condition, F(1, 24) ϭ 0.0. Thus, although working memory span is not a critical factor in overall positive versus negative reinforcement learning, a span effect was revealed by our drug manipulations. Thus, these results are consistent with the notion that individual differences in working memory span are partially characterized by underlying differences in dopaminergic function.
A further prediction of this account is that only low-span participants receiving cabergoline should display evidence of postsynaptic D 2 receptor stimulation and therefore have a Go bias, which would be manifest by decreased (speeded) RTs (see Table 1 and Figure 3) . We restricted our analysis to the first 10 trials of the training session, in order to disentangle possible effects due to learning. Reaction times (RTs) were log transformed (to normalize the distribution). We found that cabergoline sped up RTs across all participants compared with placebo, F(1, 26) ϭ 6.8, p ϭ .015, but that this effect was only reliably observed in low-span participants receiving cabergoline, F(1, 26) ϭ 4.1, p ϭ .05, and not high-span participants in this condition, F(1, 26) ϭ 2.8, ns. These results are also consistent with recent observations showing speeded reaction times by bromocriptine (D 2 agonist) only in low-span participants (Gibbs & D'Esposito, 2005) . For haloperidol, rather than slowing RTs as would be predicted by postsynaptic blockade, the drug actually sped up RTs, F(1, 26) ϭ 8.0, p ϭ .009. This result is consistent with the hypothesis that the low dose had selective presynaptic effects and increased DA release, leading to faster RTs. Once again, this effect was reliably observed in low-span participants, F(1, 26) ϭ 9.0, p ϭ .006 but not in high-span participants, F(1, 26) ϭ 1.0, ns. Thus, in addition to predictably modulating reinforcement learning biases, the drug and span effects were consistent with specific predictions of our account even at the level of RTs.
Cognitive Task II: Probabilistic Go/No-Go and Reversal
Procedure
The second task involved a probabilistic reinforcement Go/No-Go paradigm, in which stimuli were presented one at a time, and the participant was to either press a key (Go) or withhold his or her response (No-Go). They were told that some stimulus patterns would give them a point if selected, whereas others would cause them to lose a point, and they were to try to maximize point totals. After Go responses, visual feedback was provided ("You won a point!" written in blue, or "You lost a point" written in red). Six different patterns were presented in random order, associated with reinforcement probabilities of 80%, 70%, 60%, 40%, 30% and 20% (see Figure 5 ). In completing this task, participants learn over time that three of the stimuli should be associated with a button press (because their corresponding probabilities of reinforcement are greater than 50%) but that responses made to the other three will likely cause them to lose points. A test session followed the training block, in which the training stimuli and novel combinations of these stimuli were presented without feedback. In novel combinations, the left and right halves of the combined pattern each represent one of the training patterns. For example, half of the composite pattern may consist of a familiar pattern that is 80% correct, whereas the other half consists of one that is 80% incorrect, so that the combined pattern should be equally associated with Go and No-Go responses. In some cases one of the patterns is more strongly associated (i.e., 80% combined with 60%), but in others the associations are equal (80/80). Following this test session, a second training block ensued in which the probabilities of reinforcement to the different patterns were reversed. Participants must learn to respond to stimuli that were previously incorrect and stop responding to stimuli that were previously correct.
We hypothesized that under haloperidol, with enhanced DA bursting during positive feedback, participants should learn more about Go than about No-Go and will therefore tend to respond Go to the combined pattern. Again, this effect should be particularly evident for participants receiving haloperidol. Conversely, cabergoline, with decreased DA bursting, should result in the opposite pattern in high-span participants. This is exactly the same predicted pattern as in the prior probabilistic selection task, for the same reasons. However, we also expected to observe effects of postsynaptic D 2 stimulation in low-span participants receiving cabergoline, resulting in an overall Go response bias that would cause more overall responding and therefore mask (or counteract) any Go learning deficit.
Results and Discussion
The primary results of interest are the test phase responses to novel stimulus pairs (see Figure 6 ). As predicted, there was a crossover interaction between the effects of cabergoline and haloperidol on Go/No-Go learning, F(1, 26) ϭ 4.4, p ϭ .046, where Go learning is assessed by accuracy when the most positive stimulus is present and No-Go learning is assessed by accuracy in withholding responses to the most negative stimulus. Haloperidol was associated with increased Go learning and decreased No-Go learning relative to placebo, F(1, 26) ϭ 5.1, p ϭ .03. This effect was reliable in low-span participants, F(1, 26) ϭ 7.4, p ϭ .01 but not in high-span participants, F(1, 26) ϭ 0.4. Cabergoline was associated with less Go responding to the most positive stimulus (i.e., impaired Go learning) in high-span participants, F(1, 26) ϭ 5.9, p ϭ .02, but not in low-span participants, F(1, 26) ϭ 0.02. This result is consistent with the notion that in low-span participants, tonic postsynaptic D 2 stimulation caused an overall Go bias that counteracted any Go learning deficit arising from reduced DA bursts during positive feedback. This Go bias in low-span participants is further evidenced by their deficit in withholding responses to negative stimuli, F(1, 26) ϭ 10.3, p ϭ .003. In contrast, in high-span participants, we suggest that a pure presynaptic reduction of DA bursts resulted in impaired Go learning. The results from the training pairs showed exactly the same pattern, although effects were not as reliable (particularly for cabergoline), likely because of the participants' abilities in explicitly "memorizing" the correct responses to each training pattern. Finally, in evenly matched novel pairs (e.g., an 80% Go response paired with an 80% No-Go response), haloperidol was associated with more Go responding, in comparison with cabergoline, to the composite stimulus, F(1, 26) ϭ 4.5, p ϭ .04. In short, these results replicate and extend those from the probabilistic selection task, in accord with model predictions.
Reversal
Reversal learning challenges both Go and No-Go learning: Go learning is required for overcoming the previously negatively reinforced stimuli, and No-Go learning is needed to avoid responding to previously positively reinforced stimuli. A Go learning deficit was evident relative to placebo in the high-span group receiving cabergoline in terms of less Go responding for the most positive stimulus, F(1, 26) ϭ 6.7, p ϭ .015, with no effect for the low-span group receiving cabergoline group, F(1, 26) ϭ 1.0, ns. This is again consistent with the Go learning deficit in high-span participants, which is counteracted by a tonic Go bias in those with low-span working memory. For the haloperidol group, we hypothesized that participants would have difficulty withholding their responses (No-Go) to previously positive stimuli, on account of increased DA bursts in the initial segment. However, as it turned out, all participants (including those under placebo) were rather unsuccessful in learning No-Go, as evidenced by their overwhelming tendency to perform much worse at withholding this response compared with learning to respond Go to previously negative stimuli, F(1, 26) ϭ 35.4, p Ͻ .0001. Nevertheless, low-span participants under haloperidol were numerically, but not significantly, worse at No-Go reversal learning, F(1, 26) ϭ 0.3.
Summary: Cognitive Procedural Learning
Across both procedural/reinforcement learning tasks, haloperidol was associated with better Go learning from positive feedback versus No-Go learning from negative feedback, particularly in low working memory span participants. Conversely, cabergoline was associated with the opposite pattern in high-span participants. These results are consistent with our predictions for increased versus decreased DA bursting resulting from presynaptic D 2 receptor blockade versus stimulation, respectively. Each of the two tasks provides some information not available in the other. The forced choice task demonstrates differential learning from positive and negative feedback that is unconfounded by simple motor effects, as a single motor command is required on each choice trial. In contrast, the Go/No-Go task allowed us to measure an overall Go response bias, which was present for the low-span group receiving cabergoline as predicted by the postsynaptic D 2 stimulation hypothesized to occur in this group. Overall, the converging evidence from both tasks supports the BG/DA modeling framework.
Cognitive Task III: Working Memory and Executive Function Procedure
In the third task, we test the implications of the model in higher level executive function and working memory. To do so, we use a common Figure 5 . Example stimuli for the probabilistic Go/No-Go task. Each training stimulus is presented alone in separate trials. Participants are instructed to respond either "Go" (by pressing the spacebar) or "No-Go" (by withholding their response). After Go responses, feedback is presented with probabilistic reinforcement; percentage of positive reinforcement (pos) is indicated in parentheses. Half of the stimuli are associated with greater probability of positive reinforcement, whereas the other half are more likely to result in negative reinforcement (neg). During the test phase, training stimuli are represented interleaved with novel composites of two training stimuli. In the test (pos) pairs, the combined value of the composite stimulus is positive. In the test (neg) pairs, the combined value of the composite stimulus is negative. In the test (equal) pairs, the combined value of the composite stimulus is neutral (i.e., the individual stimulus elements are equally associated with Go and No-Go responses). Note that in actuality the left and right positions of the stimuli were randomized across trials, and the assignment of texture pattern to frequency of positive feedback was randomized across participants. Different patterns were used in each session, so these were always novel.
working memory paradigm called the AX-CPT (continuous performance task; Barch et al., 1997 Barch et al., , 2001 Servan-Schreiber et al., 1997) . We also modified the task to include distractors ) and added reversal and attentional-shifting conditions. We used both short (1-s) and long (3-s) delay conditions and variable numbers of distractors (0 -3) in the long delay. We also included a learning version, where participants had to learn the target sequence through trial and error. In the basic task, the participant is presented with sequential letter stimuli (A, X, B, Y; printed in red) and is asked to detect the specific sequence of an "A" (cue) followed by an "X" (probe) by pushing the right button (see Figure 7) . The participant is instructed to respond to all other cue-probe combinations (A,Y; B,X; B,Y) with a left-button push. In the short-delay case, the delay between cue and probe is 1 s. The target A,X sequence occurs on 70% of trials, and the other sequences are divided equally by the remaining 30% of trials. This task requires a relatively simple form of working memory, where the prior stimulus must be maintained over a delay until the next stimulus appears, so that one can discriminate the target from nontarget sequences.
This task also allows analysis of the type of errors made (Barch et al., 1997; Braver et al., 2001) . If participants successfully maintain contextual information (e.g., A) in working memory, then they will perform well at detecting the A,X target sequence but will likely make more false positive errors on the A,Y sequence (as a result of anticipation of an X). Context maintenance also should improve performance on the B,X case, because one can use the B to know not to respond to the X as a target. The B,Y sequence serves as a control, because neither the B nor the Y are associated with the target. Furthermore, because the A,X sequence occurs with high (70%) probability, it is not as reliable an indicator of working memory performance because participants can simply learn a prepotent response to stimulus X. Thus, we focused instead on the B,X and A,Y cases (where increased maintenance produces worse performance). Specifically, we computed a working memory context index by subtracting percentage of A,Y accuracy from that of B,X. A positive working memory context index indicates greater influence of working memory on choice behavior, whereas a negative context index indicates that choices are being dictated by incoming stimuli and are not influenced by working memory ).
In the learning version, participants must figure out the target sequence by trial and error. As in the standard AX task, letters (H, K, Z, P) are presented sequentially one at a time. No distractors are present, because this segment is already fairly difficult. Participants are instructed to press the left button for each cue and the right button when they think they have seen the target sequence (initially by guessing). After each probe stimulus, feedback informs the participant whether they were correct or incorrect. This task may depend more on phasic DA signals modified by the drugs than the standard working memory tasks. Further, this version may corre- Figure 6 . (a) Probabilistic Go/No-Go accuracy in a test phase, in which single patterns from the training phase and all possible two-way combinations of these patterns are presented without feedback. Overall, the results show the same crossover interaction as in the probabilistic selection task, for the same hypothesized reason: Haloperidol exhibits greater Go versus No-Go learning due to enhanced dopamine (DA) bursting, whereas cabergoline impairs Go learning due to decreased DA bursting. Trainϩ ϭ single training stimuli associated with positive reinforcement (pooled 80%, 70%, and 60% correct feedback); TrainϪ ϭ training stimuli associated with negative reinforcement (pooled 80%, 70%, and 60% incorrect feedback). Because training stimuli can be memorized, a better test of relative Go/No-Go learning comes from the novel test pairs. Novelϩ ϭ novel combinations of training patterns that together have a more positive than negative association (e.g., the left half of the composite pattern was an 80% Go stimulus, whereas the right half was a 60% No-Go stimulus); NovelϪ ϭ novel combinations of training stimuli that have an overall negative association; Novelϩ/Ϫ ϭ combined test pairs that have equal positive and negative associations (in this case there is no correct response, so plotted values represent simply percentage of Go responding). (b) Cabergoline (Cab) modulation of Go responding (resp) interacted with working memory span, such that low-span cabergoline participants responded Go to positive stimuli (pos stims) numerically more often than participants administered placebo (Plac), whereas high-span cabergoline participants responded significantly less often than those administered placebo. These results are consistent with counteracting pre-and postsynaptic performance and learning effects in low-span cabergoline participants, whereas high-span cabergoline participants might have been more sensitive to presynaptic-mediated reduced DA bursts leading to impaired Go learning. spond better to working memory tasks used in nonhuman primate experiments, in which animals must learn which working memory representations to reinforce via reward or lack thereof.
In our BG/PFC framework, we argue that BG Go signals lead to the updating of PFC working memory representations, 5 and that DA enhances Go signals, leading to a lowered updating threshold (Frank et al., 2001; Frank, 2005 ; see also Redgrave, Prescott, & Gurney, 1999a; Weiner & Joel, 2002) . Further, DA bursts may occur for task-relevant (i.e., positive) information, making this information more likely to become updated and subsequently maintained (Hazy, Frank, & O'Reilly, in press; O'Reilly & Frank, 2006) . Therefore, we hypothesized that low-span participants receiving haloperidol, who have enhanced DA bursts, should be more likely to update and maintain task-relevant information in working memory. This should be particularly true for the learning version, which most clearly depends on DA bursts during positive feedback. The converse should also be the case for the high-span group receiving cabergoline, where decreased DA bursting should lead to less working memory updating for task-relevant information. These effects should be particularly apparent in the attentional-shifting condition, in which previously task-relevant information becomes distracting and previously distracting information becomes relevant, requiring Go learning to update new information.
The predictions for low-span participants receiving cabergoline are perhaps the most interesting in this task. Here, we expect that the overall Go bias (via postsynaptic D 2 receptor stimulation) should lead to both enhanced working memory updating but also increased distractibility because of inappropriate updating of the distractor stimuli (for similar ideas regarding BG DA, see Bilder et al., 2004; Cools, 2005) . This illustrates a key difference between these postsynaptic effects and DA bursts controlled by presynaptic receptors. The increased DA bursts for low-span haloperidol should not increase distractor updating, because these distractors are not task relevant, and should not trigger a DA burst (O'Reilly & Frank, 2006) . In contrast, a Go bias induced by postsynaptic D 2 receptor stimulation should produce an overall greater propensity for BG Go signals for all stimuli, whether task relevant or not. This is similar to the tonic Go bias observed in low-span participants receiving cabergoline across both cognitive procedural learning tasks, described above. Note that similar predictions can be made from a purely prefrontal hypothesis of DA function (Durstewitz & Seamans, 2002; Seamans & Yang, 2004) but that this would require the drug effects on DA bursting and release to extend to PFC, which we argue is unlikely (see Figure 2b) ; we return to this issue in the General Discussion. Figure 8 shows the results for the standard AX task, the distractor condition, and the learning version. As predicted, haloperidol resulted in enhanced working memory updating, particularly significantly in the learning task, standard F(1, 26) ϭ 3.8, p ϭ .06; learning F(1, 26) ϭ 6.7, p ϭ .016 (both relative to placebo). This is consistent with enhanced DA bursts supporting BG Go signals and thus working memory updating. Further, the working memory enhancement in the learning version was significant in the low-span participants, F(1, 26) ϭ 9.98, p ϭ .004, but not in the high-span participants, F(1, 26) ϭ 0.15. Cabergoline significantly enhanced working memory in the standard version, F(1, 26) ϭ 12.3, p ϭ .0016, consistent with the postsynaptic Go bias effect leading to more overall working memory updating. This same Go bias effect may have counteracted any Go learning deficits in the learning version, consistent with a null behavioral effect of cabergoline on working memory context in this version, F(1, 26) ϭ 0.2.
Results and Discussion
Our inclusion of distractors during the delay was meant to test the role of BG gating of PFC working memory representations. Specifically, if participants inadvertently update these distractors into PFC, they could interfere with existing working memory representations. Indeed, there was a large main effect of distractors on working memory context index, F(1, 26) ϭ 10.4, p ϭ .003, such that it was significantly decreased when distractors were present compared with no-distractor trials. Notably, this distractibility effect was even worse under cabergoline, F(1, 26) ϭ 4.5, p ϭ .04 (Figure 8 ), despite the fact that the same drug enhanced working memory in the standard (short-delay) version. Moreover, in the long-delay condition, a crossover interaction was observed in the low-span participants such that working memory context was enhanced relative to placebo in no-distractor trials but was impaired when distractors were present, F(1, 26) ϭ 9.4, p ϭ .005. This interaction was not observed in high-span participants, F(1, 26) ϭ 0.5, ns. This crossover interaction, which is not consistent with overall performance improvements or decrements, provides a nice confirmation of how the BG/DA system can influence working memory updating (Frank, 2005; Frank et al., 2001; O'Reilly & Frank, 2006) and suggests that lowering the overall threshold for updating is not always adaptive.
We also validated our working memory context index measure (% correct of B,X minus % correct of A,Y) by showing that it has a significant negative correlation with number of errors in the working memory span test (r ϭ Ϫ.48, p ϭ .01; as based on The task is the same as in the standard version, but anywhere from zero to three distractors are presented sequentially during a 3-s delay period. Participants are instructed to respond to distractors with a left button push but are told to ignore these for the purpose of target detection. In a subsequent attentional shift, the target sequence consists of previously distracting number stimuli (1, 3), and the letter stimuli are now distractors. placebo data, because the working memory span test was only performed in prescreening sessions without drugs). Furthermore, to ensure that drug effects were genuinely related to working memory, we analyzed performance in the B-Y control trials, in which performance does not depend on working memory. There was no main effect of drug on performance in these trials, F(2, 26) ϭ 0.94, ns, and no effect of either cabergoline, F(1, 26) ϭ 0.23, or haloperidol, F(1, 26) ϭ 1.86, ns, relative to placebo. There was also no main effect of drug on A,X target responding, F(2, 26) ϭ 1.3, ns, and no effect of either cabergoline, F(1, 26) ϭ 0.65, or haloperidol, F(1, 26) ϭ 2.6, ns, relative to placebo.
Reversal and Attentional Shifting Procedure
As in the Go/No-Go procedural learning task, we were also interested in the effects of the drugs on reversal and attentional shifting. These processes are typically associated with prefrontal function, but they also require updating task-relevant versus irrelevant stimulus information. For the reversal case, we reversed the target sequence from A,X to B,Y. We predicted that the overall Go bias effect for the low-span group receiving cabergoline would make it particularly difficult to stop responding to the A,X trials. Further, this perseverative responding should only occur in zero-distractor A,X trials: When distractors are present, cabergoline should continue to increase working memory updating and should therefore lead to less anticipation of A,X sequences and less perseveration. No effect of DA bursting (e.g., low-span participants receiving haloperidol) was expected in reversal, because the hypothesized effect on DA bursting to task-relevant information does not change in this case (i.e., the [A,X,B,Y] letters that were task-relevant in the A,X segment continue to be taskrelevant in the B,Y segment).
For the attentional-shifting case, we swapped the targets and distractors, making the target sequence 1,3 (vs. 2,3; 1,4; 2,4) while the letters A, X, B and Y became distractors. A final reversal switched the target to 2,4. Our computational model predicts that it is precisely this kind of situation for which DA bursts in the BG are critical for the updating of new taskrelevant information into PFC working memory representations (Frank, 2005; O'Reilly & Frank, 2006 ; see also Redgrave et al., 1999a; Weiner & Joel, 2002) . As in the probabilistic learning task, these DA bursts also reinforce this updating so that task-relevant stimuli will be more easily updated in the future. In this context, there are at least two possible sources of DA-related attentional-shifting deficits. For the high-span group receiving cabergoline, diminished DA bursts should result in impaired Go signals to update the new task-relevant set, which should now be more evident given the prior learning to ignore these stimuli. In contrast, for low-span participants receiving haloperidol, enhanced DA bursting to task-relevant stimuli in the initial segment should have built up Go learning, leading to difficulty ignoring these stimuli when they subsequently become distracting.
Results and Discussion
Reversal results. As predicted, low-span participants receiving cabergoline perseverated on the old target sequence (A,X) in the reversal segment significantly more than placebo. Notably, this deficit interacted with distractors, F(1, 26) ϭ 6.8, p ϭ .01. Specifically, increased perseveration was observed in nodistractor trials, F(1, 26) ϭ 4.7, p ϭ .039, consistent with a Go bias leading to more prepotent responding to old targets. However, low-span participants receiving cabergoline also showed a trend for better performance than placebo in distractor trials, F(1, 26) ϭ 3.0, p ϭ .095, consistent with the idea that the same Go bias effect caused updating of these distractors and therefore less target anticipation. There was no such interaction between perseveration and distractors for high-span participants receiving cabergoline, F(1, 26) ϭ 0.39, ns, who did not differ from placebo either in the zero-distractor condition, F(1, 26) ϭ 0.0, or in the presence of distractors, F(1, 26) ϭ 1.05, ns. Further, there were no effects of haloperidol on perseveration to old target sequences, F(1, 26) ϭ 0.02. Overall, there was no main effect of drug on the ability to respond to new target sequences, F(2, 26) ϭ 0.7, and no drug interaction with distractors, F(2, 26) ϭ 0.35.
Attentional-shifting results. Overall performance decrements in the attentional-shifting segment were observed for both cabergoline, F(1, 26) ϭ 5.25, p ϭ .03, and haloperidol, F(1, 26) ϭ 4.7, p ϭ .039, relative to placebo. Nevertheless, the drugs had opposite effects on two distinct aspects of attentional shifting in the two different span groups (see Figure 9 ). High-span participants receiving haloperidol were specifically impaired at attending to the newly task-relevant stimuli, whereas low-span participants receiving haloperidol were impaired at ignoring the previously relevant stimuli. To measure the ability to attend to the newly task-relevant stimuli (numbers), we used performance on no-distractor trials, which only contained these number stimuli. To measure difficulty in ignoring previously task-relevant stimuli (letters), we used per- Figure 8 . Within-subject (relative to placebo) AX continuous performance task working memory results for the standard version, the distractors condition, and the learning version (where the target sequence must be learned through trial and error) of the task. Working memory context index ϭ % correct of B,X minus % correct of A,Y, measuring maintenance of context information (A,B) in working memory. Haloperidol enhanced working memory in low-span participants, which was especially significant in the learning version of the task. This is consistent with increased dopamine bursting for task-relevant stimuli, reinforcing basal ganglia Go signals to update prefrontal cortex working memory representations. Cabergoline (Cab) also enhanced working memory in low-span participants in the standard condition, but unlike haloperidol (Hal), this drug actually impaired working memory when distractors were presented during the delay. Thus these results are consistent with a tonic postsynaptic Go bias in low-span cabergoline participants, causing an overall lowered threshold for updating working memory and increased distractibility. In contrast, haloperidol was not associated with impaired working memory when distractors were present, consistent with predictions, as these should not elicit a DA burst. Counteracting pre-and postsynaptic effects may have led to a null behavioral effect for cabergoline in the learning condition. Plac ϭ placebo.
formance when these letters were included as distractors during the delay. High-span participants receiving cabergoline were impaired relative to placebo for the no-distractor case, F(1, 26) ϭ 9.9, p ϭ .004, with no significant impairments for distractors, F(1, 26) ϭ 0.78. The opposite pattern was observed for low-span participants receiving haloperidol, for whom performance was significantly worse than placebo on distractor trials, F(1, 26) ϭ 12.15, p ϭ .0018, but not in no-distractor trials, F(1, 26) ϭ 0.23.
Overall, the results for the low-span participants receiving haloperidol are consistent with our hypothesis that enhanced DA bursts supported and reinforced selective working memory updating of the task-relevant letters in the initial stages, which then made it more difficult to ignore these stimuli when they subsequently became distractors. In contrast, the results for high-span participants receiving cabergoline are consistent with diminished DA bursts to support Go signals to update newly task relevant Figure 9 . Attentional-shifting results, broken down into low-and high-span participants and drug effects relative to placebo. (a) Shifting deficits in the AX continuous performance task (AX-CPT) under cabergoline (Caberg), in terms of difficulty attending to a previously distracting set, were observed in high-span participants. These deficits were evident by global performance decrements in the zero-distractor condition during the initial (1,3) attentional-shifting segment. That the deficits were observed only in high-span participants is consistent with the Go learning deficit induced by cabergoline in these participants in both procedural learning tasks. In low-span participants, the Go bias effect to update all stimuli may have masked an otherwise Go learning deficit. Haloperidol (Haldol) was not associated with attentional-shifting deficits in the zero distractor condition. (b) Attentional-shifting deficits under haloperidol, in terms of difficulty ignoring previously task-relevant letters when these letters subsequently became distractors. This is consistent with the hypothesis that the drug enhanced dopamine (DA) bursts for the letter stimuli during the initial A,X and B,Y segments, making them difficult to subsequently ignore. As in procedural learning tasks, haloperidol effects were only observed in low-span participants. (c) Working memory span results for the probabilistic selection task, showing increased Go relative to No-Go learning in low-span haloperidol participants, with the opposite effects in high-span cabergoline participants. (d) Analogous effects for attentional shifting, showing relatively better attend-new than ignore-old performance in low-span haloperidol participants (as predicted by enhanced DA bursts), with the opposite effects in high-span cabergoline participants (reduced DA bursts). Acc ϭ accuracy.
stimuli. Notably, these Go deficits were only evident for previously ignored stimuli, for which they would likely need to overcome prior BG No-Go signals.
General Discussion
Taken together, the results of our studies support an emergent, unified framework for BG DA function that cuts across a range of cognitive domains. This framework goes beyond descriptive theories emphasizing that the BG system is involved in a particular cognitive task to attempt to explicitly address how DA modulation within the BG affects cognition. By adopting this mechanistic approach, motivated through explicit computational simulations, our framework reconciles findings of cognitive enhancements and impairments that interact with drug, dose, working memory span, and task conditions.
In brief, our framework suggests that DA dynamically modulates BG Go and No-Go signals that facilitate and suppress the execution of cortical actions, respectively. Furthermore, Go signals can trigger the updating of working memory representations in prefrontal cortex. Positive reinforcement drives DA bursting that enhances Go firing and learning, whereas negative feedback has the opposite effects. These DA effects are modulated in two opposing ways by pre-and postsynaptic D 2 receptors. Presynaptic autoreceptors control the level of DA release in phasic bursts via inhibitory feedback (Schoemaker et al., 1997) , whereas postsynaptic receptors are predominantly localized in the No-Go pathway and have inhibitory effects when stimulated by DA or agonists. The presynaptic autoreceptors are more sensitive than the postsynaptic ones, which enabled us to dissociate their effects as a function of the overall efficacy of two D 2 receptor drugs: cabergoline (agonist) and haloperidol (antagonist).
Consistent converging evidence suggests that overall drug efficacy interacted with individual differences in working memory span such that low-span participants exhibited stronger drug effects than those with high-span working memory. Furthermore, cabergoline had stronger overall effects than haloperidol. These effects were observed both biologically, in terms of drug effects on serum prolactin levels, and behaviorally. Thus, the low-span cabergoline group had the highest overall drug efficacy, and the behavioral results were consistent with both pre-and postsynaptic effects (reduced DA bursts from presynaptic stimulation, overall Go bias due to postsynaptic No-Go inhibition). The high-span cabergoline group had lower drug efficacy, with putatively selective presynaptic effects (reduced DA bursts). The low-span haloperidol group had similar efficacy to the high-span cabergoline group and also exhibited predominantly presynaptic effects (increased DA bursts from autoreceptor antagonism). Finally, the high-span haloperidol group had the least drug efficacy and exhibited no drug effects at all (see Figure 3 for a summary). A summary of the primary results found in this study provides overwhelming support for the general predictions of these models (see Table 2 ). Participants in the low-span haloperidol group showed increased Go learning across all tasks and increased updating (i.e., Go signals) for task-relevant stimuli in the working 6 One might expect that an updating deficit under cabergoline would be seen regardless of whether distractors were present. However, the lack of impairment under the distractor condition is actually consistent with the hypothesis that the drug reduced DA bursts to the task-relevant information in the initial set, making them easier to subsequently ignore; this may have partially counteracted the deficit in updating the new set, leading to nonsignificant impairments when distractors were present (for data see Table 4 in supplementary information on the Web at http://dx.doi.org/ 10.1037/0735-7044.120.3.497.supp). 
Relationship to Other Studies
Our findings are consistent with those of several other studies in which dopaminergic agents were administered. First, the opposite effects of cabergoline and haloperidol on Go/No-Go learning directly replicate our prior results in Parkinson's patients, which were reversed by DA medication (Frank et al., 2004; Figure 4c ). Diminished DA bursts in the BG during positive feedback, caused by either Parkinson's disease or by cabergoline administration, resulted in better learning from negative than from positive feedback. Increased release of BG DA, caused either by L-dopa medication in Parkinson's disease or by haloperidol administration, resulted in better learning from positive feedback. Second, our cabergoline results showing reversal learning impairments are consistent with similar impairments in participants taking bromocriptine (also a D 2 agonist; Mehta et al., 2001) . Notably, in that study, bromocriptine also improved performance in a spatial working memory task. Because that task only involved task-relevant stimuli (no distractors), this improvement is also consistent with cabergoline effects in our study. Finally, cabergoline deficits in attending to a previously irrelevant stimulus category are consistent with similar attentional-shifting deficits in patients with Parkinson's disease (Owen et al., 1993) . According to our and others' theoretical and modeling frameworks (Redgrave et al., 1999a; Weiner & Joel, 2002) , DA bursts are required to shift attention to new information, and both cabergoline and Parkinson's disease would diminish these bursts.
Overall, our results raise the question as to why D 2 drugs should have larger effects in low-span participants. Most accounts of span-dependent drug effects rely on observations that proficient working memory is associated with an optimal level of DA or D 1 receptor stimulation in PFC (Arnsten, 1997; Phillips, Ahn, & Floresco, 2004; Williams & Goldman-Rakic, 1995) . Such an account suggests that DA agonists enhance performance in low-span participants by increasing their low-DA levels but may cause excessive DA stimulation in those with high span who already have an optimal DA level (Kimberg et al., 1997; Mattay et al., 2000) . The present results point to a somewhat different account. First, we suggest that the BG is a more relevant locus of D 2 drug effects rather than PFC (see below for further discussion). Second, we suggest that biological differences between low-and high-span participants may include differential sensitivity to D 2 receptor stimulation rather than overall differences in DA levels. However, it may be possible to reconcile these two accounts, by suggesting that low tonic levels of DA in low-span participants leave the D 2 receptor more susceptible to influence from the D 2 drugs, whereas the higher levels of DA in high-span participants cause the drug effects to be relatively diluted through receptor binding competition.
As noted earlier, span-dependent bromocriptine effects on working memory have also been reported (Kimberg et al., 1997) . In that study, low-span participants improved in attentional shifting, whereas high-span participants were impaired. Our findings suggest that these results may have stemmed from differential receptor effects of the agonist across span groups. Specifically, the overall Go bias effect in low-span participants may have resulted in enhanced working memory updating overall. In contrast, selective reduction of DA bursts in high-span participants may have caused deficits in updating new task-relevant information in attentionalshifting conditions. Consistent with this account, in the present study, we observed Go learning impairments in reversal and attentional-shifting conditions only in the high working memory span participants on cabergoline. This account is also consistent with more recent observations that bromocriptine led to speeded reaction times only in low-span participants (Gibbs & D'Esposito, 2005) . More generally, our findings that dopaminergic agents have span-dependent effects even on lower level cognitive tasks is consistent with a recent animal study showing that low working memory performance was predictive of greater locomotor response to amphetamine (Dellu-Hagedorn, 2005 ) and with baseline performance-dependent effects of a D 4 antagonist on working memory (Zhang et al., 2004) . Future neuroimaging studies should investigate potential span-dependent differences in human brain activity in response to D 2 agents.
Although haloperidol typically has sedative effects when used clinically, we argue that these effects are due to postsynaptic blockade associated with higher doses and/or chronic administration. Indeed, in our study there was no effect of haloperidol on alertness, drowsiness, or other measures (see supplementary materials on the Web at http://dx.doi.org/10.1037/0735-7044.120.3.497.supp). Instead, our results are consistent with animal studies showing that at single low doses, D 2 antagonists enhance DA release (Garris et al., 2003; Moghaddam & Bunney, 1990; Wu et al., 2002) and enhance incentive (Go) learning (Eyny & Horvitz, 2003; J. K. Smith, Neill, & Costall, 1997) . In both animals and humans, the phenomenon of latent inhibition is disrupted with enhanced DA release (e.g., Gray, Pickering, Hemsley, Dawling, & Gray, 1992) . This effect was also recently observed with low-dose D 2 antagonists (Barrett, Bell, Watson, & King, 2004) and is consistent with enhanced Go learning observed in the present study, which would disrupt latent inhibition. Further, the attentional-shifting deficits under haloperidol in our study are consistent with similar attentional-shifting impairments under sulpiride, another D 2 antagonist (Mehta et al., 1999 (Mehta et al., , 2004 . Whereas Mehta et al. (1999) interpreted their results as evidence for sulpiride simulating the cognitive profile of Parkinson's disease patients, we emphasize that blocking D 2 receptors in healthy participants may actually increase DA release during bursts. This contrasts with the lack of available DA associated with Parkinson's disease. Therefore, we suggest that the observed attentionalshifting impairments under sulpiride may have arisen instead as a result of presynaptic enhancement of DA bursts before the shift, causing excessive attention to the previously relevant dimension. This is consistent with the fact that basic RTs were not slowed in those studies, as would be expected from a postsynaptic effect. Moreover, a presynaptic increase in DA bursting by sulpiride could explain recent observations from the same group that the drug increased distractibility in a working memory task when distractors were task relevant (and could therefore elicit DA bursts and cause working memory updating) but not when distractors were irrelevant (Mehta et al., 2004) . Furthermore, they also showed that sulpiride can enhance trial and error learning (Mehta, Hinton, Montgomery, Bantick, & Grasby, 2005) , presumably via enhanced DA bursts during positive reinforcement. Nevertheless, higher dose antagonists should have significant postsynaptic effects, resulting in an overly active No-Go pathway and may come closer to simulating Parkinson's disease.
Are D 2 Agents Selective for the Basal Ganglia?
We have argued that the behavioral effects of the D 2 drugs are primarily a result of their action in the BG, as compared with the PFC or other areas, based on a number of converging sources of evidence. Anatomically, D 2 receptors are 11 times more prevalent in striatum than in frontal cortex (Camps et al., 1989) . Higher levels of D 2 stimulation than are likely produced by the low medication doses are required to functionally affect prefrontal activity states (Seamans & Yang, 2004) . Trantham-Davidson, Neely, Lavin, and Seamans (2004) found that at least twice the level of DA is required to functionally affect PFC D 2 receptors compared with D 1 receptors. Notably, enhanced DA release by single doses of haloperidol are selective to the BG, with DA levels in frontal cortex relatively unaffected (Chen et al., 2005; Kuroki et al., 1999; Moghaddam & Bunney, 1990; Pehek, 1999; Westerink, 2002) . In humans, D 2 agents have been shown to modulate striatal, but not prefrontal, blood flow (Honey et al., 2003; Mehta et al., 2003) . Behaviorally, D 2 agents affect working memory processes when applied systemically but not when directly infused into PFC (Arnsten, Cai, Murphy, & Goldman-Rakic, 1994; Arnsten, Cai, Steere, & Goldman-Rakic, 1995; Sawaguchi, 2001; Yang & Seamans, 1996) , suggesting that they exert their effects elsewhere. In contrast, D 1 receptor stimulation/blockade directly in PFC have profound effects on working memory processes (Durstewitz & Seamans, 2002; Sawaguchi, 2001; Sawaguchi & Goldman-Rakic, 1991; Williams & Goldman-Rakic, 1995) . In a recent study, Wang, Vijayraghavan, and Goldman-Rakic (2004) showed that blocking PFC D 1 receptors reduced working memory-related neural activity, whereas blocking PFC D 2 receptors only reduced movement-related activity occurring at the end of a delay period, with no reported effect on behavioral performance. 
Dopamine Effects in Prefrontal Cortex: D 1 and D 2 Receptors
Although the above data support our focus on the BG in this study, there are clearly important effects of DA modulation within the PFC. For example, biophysical computational models have clarified the precise mechanisms by which D 1 stimulation enhances persistent PFC neural activity while making this activity less susceptible to interference (Durstewitz & Seamans, 2002; Durstewitz, Seamans, & Sejnowski, 2000) . These models provide important theoretical contributions for understanding PFC DA function in working memory and executive function and support the general notion that DA increases the signal-to-noise ratio of activity within PFC (Cohen, Braver, & Brown, 2002; Durstewitz & Seamans, 2002; Servan-Schreiber, Printz, & Cohen, 1990) . Without sufficient DA in the PFC, task-related activity is more susceptible to interference and is therefore less stable (Durstewitz et al., 2000) .
An outstanding question is to what degree DA within the PFC can support rapid updating of information, as has been hypothesized by several authors (Braver & Cohen, 2000; Cohen et al., 2002; Rougier & O'Reilly, 2002; Seamans & Yang, 2004; Tanaka, 2002) . Because DA signals onto PFC D 1 receptors are delayed and temporally extended (Seamans, Gorelova, Durstewitz, & Yang, 2001) , they may be suitable for enhancing maintenance capabilities over many seconds but may be less likely to support rapid updating in a very short time window (Dreher & Burnod, 2002; Lavin et al., 2005; Seamans & Yang, 2004) . In contrast, we argue that phasic DA effects are critical for learning and updating in the BG, where DA uptake speed is much faster owing to a far greater concentration of DA transporters (Cragg, Hille, & Greenfield, 2002; Sesack, Hawrylak, Matus, Guido, & Levey, 1998) . Further, if phasic DA bursts within PFC supported updating, the diffuseness of DA release would result in all PFC representations getting updated with each DA burst. This would not allow for selective updating of some information while maintaining existing information already stored in PFC. Selective updating is necessary in many aspects of executive function, in which higher level goals should be maintained while lower level subgoals can be continuously updated. This problem is avoided if the gating function occurs via the BG, because a Go signal in one part of the BG can update only a corresponding subregion of frontal cortex via parallel-loop connectivity (Frank, 2005; Frank et al., 2001; Hazy et al., in press; O'Reilly & Frank, 2006) . Nevertheless, it is plausible that whereas BG Go/No-Go signals modulate what regions of PFC to update, global ventral tegmental area (VTA) bursts can additionally modulate when to update. For example, phasic VTA stimulation has been shown to drive fast membrane potential transitions in PFC that could support rapid updating, via non-DA mechanisms (potentially via corelease of glutamate from VTA cells; B. L. Lavin et al., 2005; Lewis & O'Donnell, 2000) . It was also argued that because D 1 receptors are primarily expressed extrasynaptically (Smiley, Levey, Ciliax, & Goldman-Rakic, 1994 ), they would not be sensitive to transient intrasynaptic DA signals and are therefore unable to support rapid updating (Lavin et al., 2005; Seamans & Yang, 2004) . In contrast, although D 2 receptors are 20 times less prevalent than D 1 receptors in PFC (Lidow, Goldman-Rakic, Gallager, & Rakic, 1991) , they may be located closer to the synapse and could therefore respond to high levels of phasic DA signals to drive updating (Lavin et al., 2005; Seamans & Yang, 2004) . This is consistent with recent observations that blockade of PFC D 2 receptors in primates impaired attentional set-shifting (requiring updating), with no effect on working memory maintenance (Floresco, Magyar, GhodsSharifi, Vexelman, & Tse, 2006) .
Thus, although we have focused our discussion on drug effects on D 2 receptors within the BG, we are certainly not suggesting that D 2 receptors in PFC are functionally insignificant. Our argument is simply that the low doses of drugs used in this study acted primarily in the BG, and not the PFC, as discussed above. Nevertheless, some of our results may be consistent with a PFCdependent mechanism. For example, if the increase in DA by haloperidol acting on presynaptic D 2 receptors extended to the PFC, the Durstewitz and Seamans (2002) model predicts that the increased D 1 receptor stimulation would be associated with increased maintenance and stabilization of task-relevant information. This might also result in an inability to ignore this information once it becomes distracting (increased perseverative behavior), as was found in our study. Further, if the D 2 stimulation by cabergoline extended to PFC, according to Seamans and Yang (2004) , it would facilitate updating of working memory representations and therefore cause increased distractibility as was also observed. Finally, it is also possible that D 1 receptor function is affected in PFC indirectly by altering the balance of D 1 and D 2 receptor synergism (e.g., Clark & White, 1987) . Future research is therefore necessary to disentangle the potential roles for D 1 /D 2 receptor drug effects in both BG and PFC in executive function tasks.
Nevertheless, we believe that the most parsimonious account of our data is a model that subsumes both lower level reinforcement learning and higher order cognitive effects. Thus, given the known role of the BG/DA system in reinforcement learning, and the converging results with Parkinson's disease patients (Frank et al., 2004) , together with the arguments for preferential drug action in striatum described above, it should be relatively uncontroversial that the learning effects reported here stemmed from DA effects within the BG and these effects would be more difficult to explain with prefrontal mechanisms. This is further supported by our recent findings with the drug midazolam, which inactivates the PFC (and hippocampus) but leaves the striatum unaffected (e.g., Bagary et al., 2000; Reinsel et al., 2000) . We found that whereas this drug profoundly impaired explicit memory processes, it spared probabilistic reinforcement learning (both positive and negative) and even enhanced some implicit forms of this learning (Frank, O'Reilly, & Curran, in press ). Given the growing evidence for BG/DA system implication in higher order cognitive function, it is likely that the same lower level drug effects in the BG affected working memory and attentional measures.
Conclusions
In summary, our results support a unified account of the role of DA in modulating cognitive processes that depends on the BG. Although this account is undoubtedly simplistic (i.e., it does not consider critical interactive effects between DA and other neurotransmitters), it has clear implications that may allow more indepth understanding of the neural bases for cognitive disorders in Parkinson's disease, ADHD, and schizophrenia. We offer the following cautious interpretation. In Parkinson's disease, low levels of both tonic and phasic DA are associated with diminished updating of PFC working memory representations and less overall frontal activity. In ADHD, low levels of tonic DA may actually result in enhanced DA release during bursting, as a result of less presynaptic feedback control (Grace, 2001; Seeman & Madras, 2002) . According to our framework, this hypersensitivity to phasic DA bursts would cause impulsive behavior and distractibility, because of a lack of control over BG Go signals. Finally, in schizophrenia, elevated levels of BG DA, combined with low levels of PFC DA (Seeman, 1987; Weinberger, 1987) may result in too low of a threshold for updating working memory representations, causing attention to inappropriate thoughts (see also Weiner & Joel, 2002) but less PFC maintenance of these representations.
Future research with behavioral paradigms such as those used in the present study may help to test these ideas.
